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, 2 ,
. ,
AUTO [28] , , .
Hohmann 15% 43 ,
. ,
AFM , $[26,29]$ ,






. 1 , (E) (M)
. 1 , $(x, y)$ .
. (S) $\rho$ , $(\rho\cos\theta,\rho\sin\theta)$ .
.
$\ddot{x}-2\dot{y}=\frac{\partial}{\partial x}\Omega_{0}(x,y)+\frac{\partial}{\partial x}\Omega_{1}(x, y,\theta)$ , $\ddot{y}+2\dot{x}=\frac{\partial}{\partial y}\Omega_{0}(x,y)+\frac{\partial}{\partial y}\Omega_{1}(x,y,\theta)$, $\dot{\theta}.=\omega_{S}$ (1)
, 1, 1 ,
, , $1-\mu$ $\mu$ , $ms$ , $\omega s$
. ,
$r_{E}=\sqrt{(x+\mu)^{2}+y^{2}}$ , $r_{M}=\sqrt{(x-1+\mu)^{2}+y^{2}}$ , $r_{S}=\sqrt{(x-\rho\cos\theta)^{2}+(y-\rho\sin\theta)^{2}}$
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2. :(a)







. , , $\Delta v_{\delta}$ (
$2(\mathrm{a}))$ . , , $r0$
( $2(\mathrm{b})$). $r_{e}$ Hohmann
. . $\Delta v_{0}=v_{0}-\sqrt{2\mu r_{e}}/r\mathrm{o}(r0+r_{e})$
, $\Delta v_{e}=\sqrt{2\mu r_{0}}/r_{e}(r_{0}+r_{e})-\sqrt{\mu}/r_{e}$ $r_{e}$
( $2(\mathrm{b})$). , .
$\Delta v=|\Delta v_{s}|+|\Delta v_{0}|+|\Delta v_{e}|$ .
$\Delta v_{\epsilon}$ 2 , $\Delta v$ $r\mathit{0}=r_{e}$
[3]. , (1) :(i) ,
, $r_{\epsilon}$ :(ii)
: (iii) $\Delta v$ . ,
$m_{S}=0$ , $\Delta v$ $\Delta v_{0}$ ( $\Delta v$ $=0$
) $E$ [3].
23. $T$
( ) . , , , $r,$,
,
$(x(0)+\mu)^{2}+(y(0))^{2}=r_{\epsilon}^{2}$ , $(x(T)-1+\mu)^{2}+(y(T))^{2}=r_{e}^{2}$ (2)
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, \Delta v=\Delta v8+\Delta v . (1)$-(3)$
. A O[28] , , $\Delta v$
.
24. $r_{\epsilon}=0.01703$ $r_{e}=0.004781$ .
, , $167\mathrm{k}\mathrm{m}$ 100 km . Hohmann
$\Delta v_{\epsilon}\approx 3.065$ [3].
$3\}_{\llcorner}^{-}\mathrm{A}\text{ }0$ . , $\theta_{0}=\theta(0)$
. , , (2) (3) ,
$n$ $(n=0,1,2)$ Hohmann . ,
$m_{S}=0$ , $\mu=0$ 0.01215 , $m_{S}=3.289\cross 10^{5}$
. , $T$ $\Delta v$ $\theta_{0}$ . 3(a) .
, $n$ , $\Delta v$ 2 $T$ $\theta_{0}$
, 3(b) .
3(b) . $n$ , $\Delta v$ .
$\Delta v$ 4 , , 1 (











3.855 (3.857) 3.063 (3.063) 0.792 (0.794) 1.058 (1.052) 0.5309 (a)
3.763 (3.85) 3.062 (3.062) 0.701 (0.788) 9.993 (9.511) 0.8197 (b)
3.847 (3.853) 3.062 (3.062) 0.785 (0.79) 3.32 (3.297) -0.7343 (c)
3.883 (3.847) 3.061 (3.061) 0.822 (0.786) 7.404 (7.269) -0.7923 (d)
3.818 (3.843) 3.061 (3.061) 0.757 (0.782) 8.277 (8.201) 0.6011 (e)
3.848 (3.857) 3.063 (3.063) 0.784 (0.794) 5.579 (5.526) -0.0358 (f)
3.848 (3.831) 3.058 (3.058) 0.79 (0.772) 7.105 (7.076) -0.9918 (g)
3.808 (3.823) 3.057 (3.057) 0.751 (0.766) 7.353 (7.347) 0.4724 (h)
58
5. : (a) $\Delta v=3.855,$ $T=1.058$ 0) $=9.542599.9.552599;(\mathrm{b})$
\Delta v=3763, T=9993 x(0) $=9.312612$.9312632.
6. 3 Lagrange




, 2(d) (g) 2 ,
, .
Hohmann – , ,
0.828 $(0.848\mathrm{k}\mathrm{m}/\mathrm{s})$ [14]. , .
$T=9.993$ ( 43 ) , 4 Hohmann
153% . , Hohmann (A$v_{\delta}=3.065$)
.
25. 5 , ,
. 2 ,
.
. $m_{S}=0$ 3 . (1)
Lagrange 5 ($L_{1}$ $L‘ r_{1}$ ) ( 6 ) , $L_{1}$
, . 7 ,




31. , 8 , 2 , $\gamma$
. , ,
. 8(a) , \psi
, . ,
8(e) , 8(a) . \theta
60
, $\phi$ . $\theta_{0}>0$ ,
, $\theta-\gamma>-\theta_{0}$ , $\theta-\gamma\leq-\theta_{0}$ $T_{0}=-K_{1}(\psi+\gamma-\psi 0)-K_{2}\dot{\psi}$ $(K_{j},$ $j=1,2$ ,
) , $\psi+\gamma=\psi_{0}$
. , $\theta-\gamma>-\theta_{0}$ , ( 8(b)
), $\theta-\gamma\leq-\theta_{0}$ ,
( 8(c) (d) ). , ,
, .
$M$ $m$ , , , $J$ , $\ell$
, $r$ , $\ell_{1}$ . $t-\rangle$ $(\sqrt{g/l})t$
, .
$\alpha=\frac{J}{M\ell^{2}}$ , $\beta=\frac{m}{M}$ , $\kappa=\frac{r}{\ell}$ , $\mu=\ell_{1}/\ell$ , $k_{1}=K_{1}/Mg\ell$ , $k_{2}=K_{2}/M\sqrt{g\ell^{3}}$











$\theta_{2}^{+}=(_{0}^{1}$ $=_{1}^{1}$) $\theta_{2}^{-}$ , $Q^{+}(\phi^{+})\dot{\theta}_{2}^{+}=Q^{-}(\theta_{3}^{-})\dot{\theta}_{3}^{-}$ (5)
, $”+$” “-,, , , , $\theta_{2}=(\theta, \phi)^{\mathrm{T}},$ $\theta_{3}=$






9. $(\beta=0.5. \gamma\approx 0.02874281)$




. 8(b) (d) , $t=0$ ,
$\ovalbox{\tt\small REJECT}$ $T_{d}$ , , (b) (d) ( ) . (b) $t=T_{b}$
(d) $t=0$ $\theta-\gamma=-\theta 0$ ,
$\theta_{b}(T_{b})=\theta_{d}(0)=\gamma-\theta_{0}$ (6)
. , “$b$” “ ’ , . “ $(\mathrm{b})$ ” “ $(\mathrm{d})$” .
,
$\phi_{b}(T_{b})=\phi_{d}(0)$ , $\dot{\theta}_{b}(T_{b})=\dot{\theta}_{d}(0)$ , $\dot{\phi}_{b}(T_{b})=\dot{\phi}_{d}(0)$ (7)
,
$\psi_{d}(0)=\dot{\psi}_{d}(0)=0$ (8)
. , (d) $t=T_{d}$ , (4) ,
$\cos(\theta_{d}(T_{d}))+\mu\sin(\psi_{d}(T_{d}))-\cos(\phi_{d}(T_{d})-\theta_{d}(T_{d}))=0$ (9)
62
11. 10 :(a), (b) $\gamma=0.0_{\mathrm{t}}^{r_{)}},$ $k_{1}=3.2;(\mathrm{c})$ , (d) $\gamma=0$. $k_{1}=3.2$ ;
(e), (f) $\gamma=-0.01$ . $k=3.2$
. , (5)
$\theta_{b}(0)=\theta_{d}(T_{d})-\phi_{d}(T_{d})$ , $\phi_{b}(0)=\phi_{d}(T_{d})$ (10)
$Q^{+}(\phi_{b}(0))(_{\phi_{b}(0)}^{\theta}:b(0))=Q^{-}(\theta_{d}(T_{d}), \phi_{d}(T_{d}),\psi_{d}(T_{d}))$ (11)
. AUTO [28] , (b) (d)
(6)$-(11)$ , (b) (d)
.
33. $\alpha/\beta=0.25,$ $\kappa=0.5$ $\mu=0.15$ . $\beta=0.5$ ,
$\gamma\approx 0.02874281$ . $\min\theta(t)=-0.25$ 2 ,
( 9 ) , .
10 . , $k_{1}=0$ $\gamma$
( 10(a) ). $\gamma=0.05$ $k_{1}$ ( 10(b) ).
, $k_{1}=3.2$ $\gamma$ ( 10(c) ). .
$\beta=0.5$ . $k_{2}=0,$ $\theta_{0}=0.25,$ $\psi_{0}=0.2$ .
11 ( ). , $11(\mathrm{c})-(\mathrm{f})$ ,
11(a) (b) ,
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12. , 1- :(a) $\beta=0.5,$ $k_{2}=0,$ $\theta_{0}=0.25$ ,
$\psi_{0}=0.2;(\mathrm{b})\beta=0.5,$ $\gamma=0,$ $k_{2}=[1,$ $\psi_{0}=0.2;\langle \mathrm{c})\gamma=0,$ $k_{2}=0,$ $\theta_{0}=0.25,$ $\psi_{0}=0.2;(\mathrm{d})\beta=0.5,$ $\gamma=0$ ,
$\theta_{0}=0.25,$ $\psi_{0}=\mathrm{t}).2;(\mathrm{c})\beta=\mathrm{t}).5,$ $\gamma=0,$ $k_{2}=0,$ $\theta_{0}=0.25$
.
12 , , 1-
. ,
( ) \searrow $f_{\mathrm{c}}=0$ (– ) $\min\theta(t)=-\theta_{(}$ (
) . ,
. , $\theta_{0}$ $\beta$ , $k_{1}$ 15
. ,




. , $y_{0}$ co8 $\Omega t$
. [27] , AFM
van der Waals DMT [251 . $z$ ,
, , $z>a_{0}$ van der Waals ,
$z\leq a\mathit{0}$ DMT .








$\dot{\xi}=\eta$, $\dot{\eta}=-\xi-f(1-\xi)-\delta\eta+\gamma(\omega)\cos\omega t$ (12)
. , $trightarrow t+\theta(\omega)/\omega$ , $a=ao/\Delta,$ $\gamma 0=y_{0}/\Delta$ ,
$\alpha=\frac{2CR}{\mathrm{a}v_{1}^{2}\rho A\Delta^{3}\ell}$, $\beta=\frac{16E_{*}\sqrt{\Delta R}}{\mathrm{a}v_{1}^{2}\rho A\ell}$
,
$f(\zeta)=\{$
$- \frac{\alpha}{\zeta^{2}}$ for $\zeta>a$ ;
$\beta(a-\zeta)^{3/2}-\frac{\alpha}{a^{2}}$ for $\zeta\leq a$ ,
$\gamma(\omega)=\gamma_{0}\sqrt{(\kappa_{1}\omega^{2}+1)^{2}+(\kappa_{1}\delta\omega)^{2}}$, $\theta(\omega)=\mathrm{a}r\mathrm{c}\tan(\frac{\kappa_{1}\delta\omega}{\kappa_{1}\omega^{2}+1})$
. , $\rho,$ $A$ $\ell$ , , , , $C$ $E_{*}$ ,
, Hamaker , $R$ , $\omega_{1}$
1 , $\kappa_{1}\approx 0.56598$ 1
. (12) [9] .
, $\Delta=90\mathrm{n}\mathrm{m}$ , 2 , [27] . $\alpha,$ $\delta$ . $\gamma 0$
. ,
(12) . , \xi =l-a
2\mu , \mu \rightarrow 0 . .




$0$ for $\zeta>a$ ;
$\beta(a-\zeta)^{3/2}$ for $\zeta\leq a$
(14)
. (13) , Hamilton
$H( \xi,\eta)=V_{0}(\xi)+\frac{1}{2}\eta^{2}$, (15)
1 Hamilton . .
$V_{0}( \xi)=\frac{1}{2}\xi^{2}+\int_{0}^{\xi}f_{0}(1-\zeta)\mathrm{d}\zeta$
. (13) 14 . ,
.
Hamilton $h\geq 0$ , $(\xi^{h}(t), \eta^{h}(t))$
Hamilton $h$ . , $\xi^{h}(t)$ , $\eta^{h}(t)$
. $T^{h}$ $(\xi^{h}(t),\eta^{h}(t))$ . $(\xi_{\mathrm{L}}^{h}, 0)$ $(\xi_{\mathrm{R}}^{h}, 0)(\xi_{\mathrm{L}}^{h}=-\sqrt{2h}<\xi_{\mathrm{R}}^{h})$
$\xi$- 2 , $\xi^{h}(0)=\xi_{\mathrm{L}}^{h},$ $\xi^{h}(T^{h}/2)=\xi_{\mathrm{R}}^{h}$ . (13)
(15) . $(\xi^{h}(t), \eta^{h}(t))$ $0\leq t\leq T^{h}/2$
$\eta=\frac{\mathrm{d}\xi}{\mathrm{d}l}=\sqrt{2(h-V_{0}(\xi))}$ (16)






$h\leq(1-a)^{2}/2$ , $(\xi^{h}(t), \eta^{h}(t))$ (13) , $h>$
$(1-a)^{2}/2$ ,
$T^{h}=2( \pi-\tau^{h})+2\int_{1-a}^{\xi_{\mathrm{R}}^{h}}2(h-=^{\mathrm{d}\xi}V_{0}(\xi))$
. , $\tau^{h}=\arccos((1-a)/\sqrt{2h})$ .
43. $\xi<1-a$, , [26] . (12) .
$0<\epsilon\ll 1$ $\epsilon$ , $\alpha=\epsilon\overline{\alpha},$ $\delta=\epsilon\overline{\delta},$ $\gamma_{0}=\epsilon\overline{\gamma}_{0}$ . $\omega^{2}-1=O(\epsilon)$
, $\epsilon\nu=\omega^{2}-1$ .
4.$.1. $\max_{t}\xi(t)<1-a$ ,
$\xi=r\cos(\omega t+\emptyset)$ , $\eta=-r\omega\sin(\omega t+\phi)$ (17)
. (17) (12) , , .
$\dot{r}=-\frac{\epsilon}{2}[\overline{\delta}r+\overline{\gamma}_{0}(\kappa_{1}+1)\sin\phi]$ , $r \dot{\phi}=-\frac{\epsilon}{2}[\nu r+\frac{\overline{\alpha}r}{(1-r^{2})^{3/2}}+\overline{\gamma}\mathrm{o}(\kappa_{1}+1)$coe $\phi]$ (18)
, $\omega=1+O(\epsilon)$ .
$(r, \phi)=(r_{\{)}, \phi_{()})$ (18) . , $\rho=(1-r_{0}^{2})^{1/2}$ ,
$(1- \rho^{2})(\overline{\delta}^{2}+\nu^{2}+\frac{2\overline{\alpha}\nu}{\rho^{3}}+\frac{\overline{\alpha}^{2}}{\rho^{6}})=\overline{\gamma}_{0}^{2}(\kappa_{1}+1\rangle^{2}$ (19)
. (19) $g(\rho)$ . $\nu$
$\nu\pm=-\frac{1}{2\mu)}[-(\frac{\overline{\alpha}}{\rho_{0}^{2}}-\frac{3\overline{\alpha}}{\rho_{0}^{4}})\pm\sqrt{\chi(\rho_{0})}]$
, $(\mathrm{d}g/\mathrm{d}\rho)(\rho 0)=0$ . ,
$\chi(\rho_{0})\equiv(\frac{\overline{\alpha}}{\rho_{0}^{2}}-\frac{3\overline{\alpha}}{\rho_{(1}^{4}})^{2}+2(\frac{4\overline{\alpha}^{2}}{\rho_{0}^{4}}-\frac{6\overline{\alpha}^{2}}{\rho_{0}^{6}}-2\overline{\delta}^{2}\rho_{0}^{2})>0$
. $\sqrt{1-(1-a)^{2}}<\alpha<\rho_{*}$ $\nu=\nu\pm,$ $\gamma_{0}=\sqrt{g(\rho_{0})}/(\kappa_{1}+1)$
[29] . , $\chi(\rho_{*})=0,$ $\rho_{*}\approx 0.13$ . , $(\mathrm{d}g/\mathrm{d}\rho)(\rho)<0$
$(\mathrm{d}g/\mathrm{d}\rho)(\rho)>0$ .
.
4.3.2. $\max_{t}\xi(t)>1-a$ (17) $r=1-a+\epsilon^{1/2}u$ . $\omega t+\phi\in[-\phi_{\epsilon}, \phi_{\epsilon}]$
,
$\phi_{\epsilon}=$ arccoe $( \frac{1-a}{1-a+\epsilon^{1/2}u})=\epsilon^{1/4}\sqrt{\frac{2u}{1-a}}+O(\epsilon^{3/4})$








, (20) 1 . ,
$\nu=-\frac{\overline{\alpha}}{(a(2-a))^{3/2}}$ (21)
, . , (12) , (21)
.
4.4. Melnikov , $\xi$ $1-\mathrm{a}$ , (12)
. , Melnikov $[29, 30]$
[31] . 43 . $0<\epsilon\ll 1$ , $\alpha=\epsilon\overline{\alpha},$ $\delta=\epsilon\overline{\delta},$ $\gamma_{0}=\epsilon\overline{\gamma}0$ .
$(\xi^{h}(t), \eta^{h}(t))$ 1/1 Melnikov $M^{h}(t_{0})$ $L^{h}(t_{0})$
.
$M^{h}(t_{0})=-\overline{\gamma}(\omega)A(h)\sin\omega t_{0}-\overline{\delta}B(h)$, $L^{h}(t_{0})=-\overline{\delta}T^{h}<0$
, $\overline{\gamma}(\omega)=(\kappa_{1}\omega^{2}+1)\overline{\gamma}0$. $T^{h}=2\pi/\omega$ ,
$A(h)= \int_{0}^{T^{h}}\overline{\eta}^{h}(t)$ \S in $\omega t\mathrm{d}t$ , $B(h)= \int_{0}^{T^{h}}[\overline{\eta}^{h}(t)]^{2}\mathrm{d}t$
. , $\eta^{h}(t)$ $t$ .




, $M^{h}(t_{0})$ 2 , $t=\overline{t}0$ $\pi/\omega-$ . $(\xi^{h}(t-\overline{t}_{0}),\eta^{h}(t-\overline{t}_{0}))$








, $(\xi_{j}(t),\eta_{j}(t)),$ $j=1,2$, .
43 44 15 16 . 15 . [27]
, y0\approx 19nm , \mbox{\boldmath $\gamma$}0=00209
. [27] ( 2(c), (d) 10)
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$\omega$ $a)$




. 16 $(\omega$ ,\mbox{\boldmath $\gamma$}0 $)$ -
. 44 , 431 432
. $\omega<1$ , –
.
, AUTO [28] .
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